Typically found in adipocytes and hepatocytes, lipid droplets (LDs) were previously thought to be merely an energy reservoir of the cell. In recent years, they have drawn increased attention from cell biologists (1) (2) (3) (4) , starting with the discovery that LDs carry various proteins, such as perilipin (5, 6) , adipocyte differentiation-related protein (ADRP) (7) , and caveolin (8) and serve as the pool of unesterified cholesterols (6) . They were also found to be important cellular signaling sites (8) and may play important roles in lipid catabolism (9) . Traditionally, fluorescent dyes such as Oil Red O (ORO) (10) and Nile Red (11) have been extensively used for fluorescent labeling of LDs. Immunofluorescence against LD-associated proteins has also been used for indirect observation of LDs (12) . In general, these methods are only applicable to fixed samples. Another problem associated with these methods is the deformation of LD structure, probably introduced by the sample fixation and staining procedures that are necessary for these techniques (13) . Differential interference contrast (DIC) and phase contrast microscopes are readily available (14) for live cell imaging, but they have no chemical selectivity and thus are unable to distinguish small LDs from other cellular structures. On the other hand, Raman microscopy, which has spectral selectivity, allows chemical imaging of unstained samples (15) , but the low cross-section of spontaneous Raman scattering limits the sensitivity. Consequently, it takes several hours to acquire a typical Raman image of a biological sample (16) . A new method for high-speed imaging of unstained LDs in live cells would allow for a better understanding of their functions under physiological conditions. Coherent anti-Stokes Raman scattering (CARS) microscopy is a recently developed technique for high-sensitivity vibrational imaging of live cells (17) (18) (19) (20) (21) (22) . In this technique, a pump beam at frequency p and a Stokes beam at frequency s are tightly focused onto the sample to generate an anti-Stokes (CARS) signal at frequency 2 p Ϫ s . A strong resonant CARS signal is generated when the frequency difference ( p Ϫ s ) is tuned to a Raman-active molecular vibration. This provides the chemical selectivity in CARS microscopy. Because the contrast is based on vibrational modes of endogenous molecules, there is no need for staining of the sample. CARS microscopy is much more sensitive than Raman microscopy because of the coherent addition of the CARS radiation from a collection of vibrational oscillators in the focal volume. In addition, CARS is a multiphoton process, the signal has a nonlinear dependence on excitation laser intensity, and is only generated from the small focal volume of high laser intensity. Thus, as in two-photon fluorescent microscopy (23), CARS has an inherent three-dimensional resolution. With a laserscanning scheme, CARS imaging of live cells has been achieved at a scanning rate of several seconds per frame of 512 ϫ 512 pixels (22) , allowing vibrational imaging of dynamic processes in live cells (22, 24) .
CARS microscopy is a sensitive probe of lipids because of the high density of C-H bonds in lipid molecules. CARS imaging of lipids in live cells based on the resonant signal from the aliphatic C-H stretching vibration has been demonstrated previously (18, 22) . Multiplex CARS microspectroscopy has been developed for distinguishing lipid phase structure in liposomes (25, 26) . In addition, polarizationsensitive detection has been applied to remove the nonresonant background from water and other biological molecules and to allow for selective imaging of lipid features in live cells (22, 27) . Recently, Potma and Xie (28) demonstrated the detection of single lipid bilayer with CARS.
Structurally, LDs are aggregates of neutral lipids, mainly triglycerides (TGs) and some sterol esters (1) (2) (3) (4) . They are very rich in C-H chemical bonds and are expected to give strong CARS signals. In this study, we applied laser-scanning CARS microscopy to the investigation of LDs in live, unstained 3T3-L1 cells. Polarization-sensitive detection was incorporated into our laser-scanning CARS microscope for selective imaging of LDs in the cytoplasm. It was possible to evaluate the fluorescent labeling processes with ORO and Nile Red in real time with CARS microscopy. Furthermore, the LD content was monitored during the differentiation process of 3T3-L1 cells. In contrast to previous observations of lipid accumulation (29) , a transient disappearance of LDs in the cytoplasm was observed at the early stage of differentiation, which was followed by the growth of new LDs. The new LDs were accumulated in a largely unsynchronized manner. Differentiated cells formed small colonies surrounded by undifferentiated cells, with lipid accumulation occurring at the same time. These observations prove that CARS microscopy is a powerful tool in real-time, noninvasive imaging of LDs and that it offers valuable information for a better understanding of the biogenesis and functions of LDs in live cells.
MATERIALS AND METHODS

Cell cultures
3T3-L1 cells (American Type Cell Culture, ATCC) were grown in Dulbecco's Modified Eagle's Medium (DMEM, ATCC) supplemented with 10% bovine calf serum (BCS) (Cellgro) under 5% CO 2 . Media were changed every 2 to 3 days. Culture was performed in chambered slides (Labtek, Rochester, NY) to facilitate imaging.
3T3-L1 cell differentiation was carried out using a protocol described by Rubin et al. (30) . Briefly, 3T3-L1 cells were first grown in 10% BCS/DMEM medium to confluence. Two days after that (day 0), the medium was changed to induction medium containing 10% FBS/DMEM with 0.5 mM isobutylmethylxanthine (IBMX) (Sigma), 1 M Dexamethasone (Dex) (Sigma), and 1 g/ml insulin (Sigma). All concentrations were final. Two days after induction, the medium was changed back to 10% FBS/ DMEM with 1 g/ml insulin, and 10% FBS/DMEM after another 2 days. Solutions were filter sterilized.
Both BCS/DMEM and FBS/DMEM were supplemented with 1% Pen/Strep/Glu (Invitrogen) and 1% MEM Sodium Pyruvate (Invitrogen) and filter sterilized before use.
ORO and Nile Red staining
The protocol we used for ORO staining was derived from the procedure developed by Koopman, Schaart, and Kesselink (10) with minor modifications. The stock staining solution was prepared by dissolving 100 mg ORO (Sigma) in 20 ml of 60% triethyl phosphate (Sigma). Prior to use, this solution was further diluted by adding 13 ml distilled water followed by a 0.22 m film filtration. The staining solutions prepared by this method could stand for a very long period (over 6 months) without any sign of precipitation; they did not show any crystallization during cell staining. Nile Red staining solution was prepared by diluting a saturated solution of Nile Red in acetone in PBS to 1:1,000.
For staining, cells were first fixed with 3.7% (v/v) formaldehyde for 10 min and washed twice by HBSS buffer. The 1.5 ml staining solution was added to a 2 cm 2 chambered slide culture dish and incubated for 15-30 min at room temperature. After that, the cells were washed with PBS buffer twice for 1 min each. Images were taken immediately after staining.
Laser-scanning CARS and fluorescent microscopy
A schematic setup of the laser-scanning CARS microscope (22) (modified from an Olympus FV300/IX70 laser-scanning confocal microscope) is shown in Fig. 1 . Two synchronized 80 MHz, 5 p s (transform limited, spectral width 2.9 cm Ϫ 1 ) nearinfrared laser beams (pump laser at 712 nm and Stokes laser at 892 nm) were generated from a pair of synchronized Ti:Sapphire lasers (Tsunami, Spectra-Physics). The two beams were combined in a collinear geometry and focused on the sample using a water objective (Olympus UpLanApo/IR 60 ϫ , NA 1.2). CARS images were acquired by raster scanning a pair of galvanometer mirrors. Forward-detected CARS (F-CARS) (18), epi-detected CARS (21), DIC, and fluorescence imaging can be carried out on the same setup. The laser powers used in our CARS experiments were 15 mW for the pump beam and 7.5 mW for the Stokes beam, measured after the water objective. Polarizationsensitive detection was conducted to remove nonresonant background (27) , for which a quarter-wave and a half-wave plate were placed in the pump beam path. They were configured such that the polarizations of the pump and Stokes beams formed an angle of 71.6 Њ . An analyzer was put in front of the detector to reject the nonresonant background.
Fluorescent imaging of ORO-stained cells was performed on the same Olympus FV300/IX-70 laser-scanning microscope illuminated by an He-Ne laser (543 nm, LHGR 0050, PMS Electro-Optics). A long-pass filter (BA570IF, Olympus) with a cutoff at 570 nm was used to exclude incident light from the epi-fluorescence signal.
RESULTS AND DISCUSSION
CARS imaging of LDs in live 3T3-L1 cells
The first step toward selective imaging of LDs with CARS is to determine the resonant CARS frequency at which LDs give the strongest signal. In our previous work, frequencies of 2,845 cm Ϫ 1 (26) and 2,870 cm Ϫ 1 (22) were used for selective imaging of aliphatic C-H vibrations, but the frequency suitable for LDs (mainly TG molecules) has not been measured. We recorded the CARS spectrum of LDs in live differentiated 3T3-L1 cells that are known to contain large LDs. As shown in Fig. 2A , peak CARS signal intensity was reached at 2,845 cm Ϫ 1 on LDs, the same position observed for phospholipid structures (25) . In accordance with this measurement, images of differentiated 3T3-L1 cells showed the brightest contrast for LDs at 2,845 cm Ϫ 1 .
F-CARS images taken at 2,845 cm Ϫ 1 on preconfluent 3T3-L1 cells (Fig. 2B ) contain many bright spots, standing out from other features (such as the nuclear membrane). Contrast from these bright spots could be further enhanced through polarization-sensitive detection by removing the nonresonant background (e.g., from water) from CARS signals (27) . As seen in Fig. 2C , only the bright spots in Fig. 2B remain in the polarization-CARS (P-CARS) image. When the CARS frequency was tuned away from 2,845 cm Ϫ 1 (e.g., 2,745 cm Ϫ 1 ) (Fig. 2D) , no contrast was observed in the P-CARS image. This provides evidence that the contrast in images taken at 2,845 cm Ϫ 1 arise from the CARS signal generated by densely packed lipid structures (i.e., LDs).
Identification of these bright spots as LDs was confirmed by comparing confocal fluorescence images of stained LDs with corresponding P-CARS images. Shown in Fig. 3A is a P-CARS image of an ORO-stained 3T3-L1 cell sample (fixed), and shown in Fig. 3B is the fluorescence image of the same cell. As expected, P-CARS and fluorescence images showed identical contrast, with only slight differences likely caused by the foci change, because dif- ferent laser sources were used for CARS and fluorescent imaging.
With the laser powers applied in the experiment (15 mW for pump and 7.5 mW for Stokes at the sample), the shortest acquisition time for a CARS image of 512 ϫ 512 pixels is approximately 1 s. This is determined by the upper limit of the scanning speed of our setup, and can in principle be further shortened with the current signal level. The low average power and fast scanning speed, in combination with low peak-power picosecond and nearinfrared laser pulses, significantly reduced photodamage to the sample. Cellular damage was seldom seen during continuous scanning of up to several minutes when the above power levels were used. The smallest droplets seen in the fluorescence and CARS images have a full width at a half-maximum of ‫ف‬ 300 nm, which is comparable to the diffraction limit. The actual size of the LDs might be smaller. These small LDs can hardly be resolved in DIC images, due to lack of chemical selectivity.
The coincidence of fluorescence and CARS images of LDs is not accidental. Oil-soluble dye molecules stain LDs by penetrating into the hydrophobic core structures formed by alkyl chains. Like LDs, phospholipid bilayers also have a hydrophobic domain and could also be stained by these dyes, albeit to a much smaller extent, because they contain only a tiny sheet of fatty chains. Indeed, it was shown that cell membranes could be stained when the sample was overloaded with ORO staining solution (10) (also observed in our experiments, data not shown). At the same time, the hydrophobic structure of alkyl chains carries an inherently high density of C-H bonds and is an ideal object for CARS imaging. In contrast, a phospholipid bilayer provides much less C-H vibrational modes than LDs in the focal volume. The quadratic dependence of CARS signal intensity on the number of vibrational oscillators in the focal volume guarantees that the highest contrast in these images is from LDs, despite the fact that phospholipids have the same resonance frequency for CARS as TG molecules (25) .
Monitoring ORO and Nile Red staining of LDs
Fluorescence labeling with ORO and Nile Red (and other dyes) in fixed cells has been the standard method for visualizing LDs. A major concern about the use of these methods is that the fixing and staining procedures may perturb the structure of LDs in cells. For example, a recent study by Fukumoto and Fujimoto (13) showed that ORO labeling caused obvious aggregation of adjacent LDs while Nile Red did not. However, due to the inability to observe unstained LDs in live cells, little is known about whether the fixing process will introduce artifacts into the LD structures. With CARS microscopy, we are able to inspect LD structures in cells undergoing fixation and ORO or Nile Red staining. Figure 4A -C shows CARS images of a single 3T3-L1 cell right before replacing the growth medium with 3.7% formaldehyde fixing solution, and 5 min and 15 min after the medium replacement, respectively. The cellular profile was well resolved, as were the LDs in the F-CARS images. Apparently, formaldehyde fixation did not affect LD structures within the time course studied. This is reasonable, because LDs are hydrophobic structures that may not be affected by the aqueous formaldehyde solution. In contrast, Didonato and Brasaemle (31) recently showed that the use of organic solvents (such as ethanol and acetone) disturbed LD structures significantly.
Incubation of cells with Nile Red staining medium (again, an aqueous solution) also showed no obvious effect on LD morphology or distribution. Figure 4D -F are F-CARS images of the same cell taken at different times after applying Nile Red to the sample. Nearly identical features were seen among these three images, and also among all images in Fig. 4A-F . The small changes observed here were most likely caused by the intracellular movement of LDs instead of by Nile Red staining, considering that LDs might not be tightly bound structures (even in fixed cells).
Unlike staining with Nile Red, obvious changes in LD structure occurred when ORO staining solution was applied to fixed cells (Fig. 4G-I , a different cell sample). The same phenomenon was observed when ethanol was used as the solvent (13) . Although an aqueous staining solution was used in this experiment, it contained a high concentration of triethyl phosphate (a surfactant used to assist the dissolution of ORO in water). Like ethanol, triethyl phosphate can interact with oil and water phases at the same time and was able to mediate the fusion of adjacent LDs by reducing the oil/water interfacial energy barrier among them. TG molecules that were still in the endoplasmic reticulum (ER) lumen and not yet incorporated into LDs could also be "extracted" out of the ER membranes. This was indicated by the fact that many isolated LDs grew bigger after staining. Furthermore, prior to staining, LDs looked more like an extended part of the surrounding organelles, inasmuch as no obvious boundaries could be seen between them. After staining, however, boundaries among LDs and surrounding structures became sharp, suggesting that a phase separation took place between the membranous structures and LDs. For similar reasons, the ORO staining buffer even disrupted the nuclear membrane integrity (see Fig. 4G-I ).
These observations provide direct evidence that treatment with formaldehyde to fix cellular structures is safe for preserving LD structure, while labeling LDs with dyes (especially when oil-soluble solvents are used) carries the risk of affecting LD structure. Superior to fluorescent labeling, CARS microscopy allows high-sensitivity imaging of LDs in live cells without any staining.
Following 3T3-L1 differentiation
In previous sections, we showed the ability of CARS microscopy to follow cellular processes happening on the time scale from seconds to minutes. Although fluorescence microscopy is capable of monitoring dynamics on this time scale, fluorescence probes for live cell observation of LDs are rarely available. For continuous observations on a longer time scale (e.g., days), however, fluorescence imaging based on staining is not suitable because of cellular degradation of the dyes. CARS microscopy is particularly advantageous for continuous observation at this long time scale.
A good example of cellular processes on a long time scale involving LDs is the well-established 3T3-L1 fibroblast conversion to fat cells (29, 32) . The 3T3-L1 fibroblasts are induced 2 days after reaching confluence with an induction medium containing IBMX, Dex, and insulin. After that, cells start to accumulate TG droplets and eventually become adipocyte (fat) cells. Cell morphology and gene expression profiles also change significantly during this process (33) .
The most obvious characteristic of this process is the accumulation of TG droplets in cells, which can be readily probed with CARS microscopy. As shown in Figs. 2 and 3 , preconfluent 3T3-L1 fibroblasts already contained a fair amount of TG droplets, with diameters of ‫ف‬ 1-2 m, scattered in the cytoplasm. A similar picture remained until induction (day 2, Fig. 5A ). A reduction of LDs was observed 24 h after adding the induction medium (Fig. 5B) , and at 48 h most of the cells contained few or no LDs (Fig.  5C ). This was specific to postconfluent 3T3-L1 cells, as we did not see the reduction of LD content in preconfluent 3T3-L1 cells or in preconfluent and postconfluent NIH-3T3 cells when the same induction medium was added to the cell culture. To the best of our knowledge, this disappearance and accumulation process of LDs in differentiating 3T3-L1 cells has not been reported before, probably because of the difficulty with previous methods. (34) (35) (36) (37) The clearance of cytoplasmic LDs is most likely due to the increased activity of hormone-sensitive lipase (HSL), the enzyme responsible for hydrolyzing intracellular TG and sterol esters (34) (35) (36) (37) . The activity of HSL was shown to increase many-fold starting from day 2 of 3T3-L1 differentiation, and the acquirement of HSL activity is regarded as one of the hallmarks of 3T3-L1 adipocyte differentiation (34) . Thus, the clearance of LDs from the cytoplasm can be regarded as an indicator of increased expression level and/or activity of HSL. On the other hand, the inability of the same induction medium to remove LDs from preconfluent 3T3-L1 or preconfluent and postconfluent NIH-3T3 cells suggests a low expression level of HSL in those cells.
At a later time, cells were seen to grow LDs again (Figs.  5D-F) . Although the disappearance of LDs happened synchronously, i.e., all cells started to lose LDs on the same day (and remained devoid of LDs), the reaccumulation of LDs was largely unsynchronized. Morphology changes, as marked by the appearance of clear boundaries between cells, were seen, and this was accompanied by the accumulation of LDs. LDs were observed first in individual cells, and small colonies of differentiated cells formed at a later time ( Fig. 6A ). Cells surrounding (Fig. 6A) or outside (Fig.  6B ) these colonies were "silent," insofar as no LDs were observed in their cytoplasm until several days later. Because the cells had almost no LDs in their cytoplasm right after induction, the reappearance of LDs could be regarded as an indication of the increased activity of TG-synthetic enzymes [e.g., diacylglycerol acyltransferase (38)].
As mentioned earlier, LDs are not isolated structures and are involved in celluar signaling processes (8) . Many proteins, such as ADRP and perilipin, are located exclusively on the surface of LDs (1-7) . The fact that LDs in the cytoplasm disappeared at a certain point suggests a significant redistribution of the LD-associated proteins and possible alteration of LD-related signaling processes. Furthermore, because the LDs in differentiated cells are newly synthesized, one would speculate that the surface of LDs may be covered by different components before and after differentiation. For example, it was reported that perilipin replaced ADRP on the LD surface during 3T3-L1 differentiation (7) . Further investigation is needed to fully understand the role of LD clearance in the 3T3-L1 differentiation process.
In summary, we have presented coherent anti-Stokes Raman microscopy as a new method for selective imaging of LDs in live cells. CARS imaging requires no labeling of the sample and can be carried out in real time and over long time periods in live cells with high sensitivity. At a frequency of 2,845 cm Ϫ 1 , CARS images exclusively resolve cellular LDs with a high contrast. The effect of fixing and fluorescent staining on LD structure has been evaluated for the first time based on CARS imaging of unstained live cells. Using 3T3-L1 fibroblast cell differentiation as an ex- ample, this study shows that CARS microscopy is a powerful tool for studying differentiation kinetics and its relation to lipogenesis. In addition, the ultrashort laser pulses used for CARS imaging are also good light sources for two-photon fluorescence, which is suitable for imaging fluorescence-labeled orangelles and proteins [e.g., green fluorescence protein-tagged ADRP (39) ]. CARS microscopy, when combined with two-photon fluorescence microscopy and other techniques, offers exciting possibilities for studying the formation, organization, and functions of LDs in live cells.
This work was supported by National Institutes of Health Grant GM-62536-01 and in part by the Materials Research Science and Engineering Center of Harvard University. The authors thank Dr. Eric Potma and Dr. Laura Kaufman for helpful discussions. We also thank Dr. John Pezacki, Dr. Angela Tonary, Dr. Torsten Siebert, and Yanouchka Rouleau from the National Research Council of Canada for critical reading of the manuscript.
